The temperature dependences of the structures of rutile and geikielite are reported up to ~1200 o C. While the thermal expansion of the unit cell edges for our rutile agree with published data the (Ti-O) bond expansions show significant differences with the longer (T-O) showing a larger thermal expansion coefficient (19.3 x 10 -6 /degree) than the shorter bond (2.6 x 10 -6 /degree). High-temperature crystallographic data for geikielite are reported for the first time and display interesting differences in the thermal behaviour of the (Ti-O) and (Mg-O) octahedra related to edge-and face-sharing. 
INTRODUCTION
Lennie et al. [1] have recently determined structural changes occurring in synthetic 'karrooite' (MgTi 2 O 5 ) as a function of temperature using powder neutron diffraction with particular emphasis being placed on the effects of MgTi site interchange over the two non-equivalent octahedral sites. One of the three samples (Kar2) used in this experiment contained impurities of rutile (TiO 2 ) and geikielite (MgTiO 3 ), and full Rietveld analysis provided structural data for all three phases. The Rietveld results showed that the initial mole proportions in the as-synthesized sample were karrooite: rutile + geikielite 0.875: 0.125. Above 1000 o C, additional karrooite was formed by reaction of rutile and geikielite giving mole proportions at ~1400 o C of 0.975: 0.025 [1] . Above ~1200 o C the mixture contained too little rutile and geikielite to provide reliable structural data for these impurity phases.
MgTiO 3 occurs as a rare natural mineral [2] but is better known in materials science because of its widespread use in microwave ceramic capacitors and resistors [3] . Its high temperature structural properties are therefore of interest and in this paper we report on the thermal expansion of unit cell edges and detailed structures of geikielite up to ~1100 o C (and of rutile up to ~1200 o C). To the best of our knowledge, only room temperature crystallographic structural data for geikielite exist in the literature although high-temperature (and high pressure) Raman spectroscopic data have been used to deduce certain structural relationships [4, 5] . However, high pressure crystallographic data have been determined for this phase [6] . Because our structural data are determined for relatively small amounts of both rutile and geikielite in the sample mixture and their subsequent decrease between 1000 and 1400 o C, all of the structural parameters show higher errors than would be ideal. However, our data for rutile are in generally good agreement with published data and this gives us confidence in the geikielite results presented here. Thus the data presented here provide the ability to consider the controls of both bulk thermal expansion, based on unit cell parameters, and the detailed geometry of polyhedral thermal expansion for two phases with very different inter-octahedral linkages. In addition, the high temperature crystallographic data for geikielite can be used to assess the structural deductions from high-temperature Raman spectroscopy [5] .
STRUCTURES OF RUTILE AND GEIKIELITE
Rutile (TiO 2 ) crystallises in the tetragonal space group P4 2 /mnm with two formula units of TiO 2 per unit cell [7] . The structure consists of TiO 6 octahedra sharing two opposite edges with adjacent octahedra to build up chains parallel to c. The structure is propagated in the (001) plane by corner sharing between chains. The c repeat distance is defined by the distance between Ti atoms in a chain (Fig. 1a) and the only variable parameter is the O x coordinate. The structure has two non-equivalent nearest neighbour Ti-O distances with the two longer distances (Ti-O 1b ) oriented perpendicular to the c axis; the four shorter Ti-O 1a bonds lie parallel to <110> planes (Fig. 1a) .
Geikielite (MgTiO 3 ) belongs to the ilmenite structure type (ATiO 3 , A = Mg, Mn, Fe, Zn) with the rhombohedral space group R-3 and 6 formula units per unit cell [8] and the characteristics of the structure-type are clearly summarised by Wechsler and Prewitt [9] . The geikielite structure is shown in Fig. (1b,c) with the labelling of O atoms taken from [6] . Each MgO 6 octahedron shares a face with a TiO 6 octahedron to form a dimeric unit (see O1-O2-O3 face in Fig. 1b) ; the opposite faces of these dimers share 'faces' with vacant octahedral sites (Fig. 1b) . Note that along the c axis the same atom type occurs on each side of a vacant site, in effect defining Mg and Ti octahedral vacancies. Alternating layers of Mg and Ti octahedra occur perpendicular to the c axis (Fig. 1b) with three dimers defining the c axis repeat. In the xy plane each TiO 6 octahedron shares an edge with three adjacent Ti-octahedra (as do MgO 6 octahedra) to form 6-rings of octahedra with the centres of adjacent Mg-O 6 and Ti-O 6 rings displaced by a-a in the rhombohedral x-y plane (Fig. 1c) (Fig. 1b) . The space group requires that the Mg and Ti atoms are fully ordered and neutron powder diffraction on samples quenched from high-temperature [8] and in situ, high-temperature Raman scattering [4] have confirmed that no disordering can be detected; note that full disordering would require a phase transition to the corundum space group, R-3c.
MATERIALS AND METHODOLOGY

Synthesis and Sample Characterisation
Sample Kar2, of bulk composition MgTi 2 O 5 , was synthesised in air from reagent grade MgO and TiO 2 dried at 200 o C, mixed in stoichiometric proportions, and heated in a Pt crucible at 1200 o C for 48 hours. It was then cooled, reground, annealed for a further 72 hours at 1200 o C, then removed from the furnace and allowed to cool in air. Before and after the heating experiments, the sample was characterised by X-ray powder diffraction using a Philips PW1060 Xray diffractometer fitted with a curved crystal graphite monochromator, and using a Cu K radiation source. Room temperature unit cell parameters were determined using Si as internal standard. In addition, the sample was analysed before the heating experiments using a Cameca SX100 electron microprobe with MgO and TiO 2 as primary standards. The rutile and geikielite analyses were within error of the stoichiometric formulae. For further details see [1] .
Neutron Diffraction
In situ high temperature neutron time-of-flight diffraction experiments on the sample were carried out on the PO-LARIS diffractometer of the ISIS spallation source, Rutherford Appleton Laboratory. POLARIS is a medium resolution, time-of-flight high intensity neutron powder diffractometer which allows studies of materials under non-ambient conditions.
The sample was pressed to form pellets which were stacked as a pile, held in a tantalum wire basket, and suspended inside the RISO furnace, which has tantalum ele- recorded temperature of ~1600 o C is likely to have been 100-150 o lower than indicated by the thermocouple. Reliable temperatures were obtained by multiplying the measured temperatures by a correction factor of 0.9329 [1] .
Diffraction data were collected only during the heating cycle for about 80 minutes (200 μ ) at each temperature with neutron flight times between 2.5 and 19.6 ms, corresponding to d-spacings between 0.4 and 3.2 Å in the 2 = 90° detectors. Data from individual detectors were corrected for electronic noise, normalised against standard spectra from a sample of vanadium, and focused using in-house software. No corrections were made for beam attenuations by the furnace or sample, as they were found to be negligible. The data range included a total of ~3500 independent Bragg reflections for the three phases present.
Analysis of data used full Rietveld refinements in the program GSAS [10] to provide structural information. The background signal was modelled using a 6th-order Chebychev polynomial. The crystallographic variables were the unit-cell parameters, coordinates of O, Mg and Ti atoms, and isotropic temperature factors. Further information on the experimental approach is given in [1] .
Equations used for calculating O-O distances and M-M distances in geikielite are given below where the atom numbering is as shown in Fig. (1b) (O numbering after [6] ).
O-O Distances in Mg Octahedra
Shared edge between adjacent Mg octahedra:
Unshared edge:
Edge at shared face between Mg and Ti octahedra:
Edge at unshared face (next to vacant Mg octahedron):
O-O Distances in Ti Octahedra
Shared edge between adjacent Ti octahedra:
Edge at unshared face (next to vacant Ti octahedron):
Metal-Metal Distances
Distance through vacant Mg octahedron:
Distance through shared edge between adjacent Mg-octahedra:
Distance through shared edge between adjacent Ti-octahedra:
Distance through vacant Ti octahedron:
Distance through shared face between Mg-and Ti-octahedra:
We also used the program IVTON [11] to calculate MO 6 polyhedral volumes from geikielite and rutile unit cell and atomic positional parameters. Bond angle variance and mean bond lengths of these polyhedra were calculated from the listing of bond angles and distances output from GSAS. The mean octahedron bond lengths are calculated from the six metal -anion bond lengths of each octahedron 
RESULTS AND DISCUSSION
Room Temperature Structural Properties
The room temperature unit cell parameters and other data for our samples of rutile and geikielite can be compared with published values for these minerals in Table 1 and show excellent agreement. However, the O x atomic coordinate for our sample of rutile is larger than literature values leading to slightly shorter Ti-O 1a , longer Ti-O 1b and shorter O 1a -O 1a (shared) bond lengths for our sample ( Table 1) . These differences lead to our values for the quadratic elongation (1.011) and bond angle variance (36.9) of the TiO 6 polyhedron being slightly larger than those reported by Meagher and Lager [13] (1.008 and 28.7 o , respectively).
The atomic coordinates for our sample of geikielite at room temperature can be compared with published values [6, 8, 21] in Table 1 . Calculated room temperature Mg-O, Ti-O, Mg-Mg, Mg-Ti, Ti-Ti bond lengths, bond angles, and distortion parameters for our geikielite are given in Table 2 where they can be compared with published values for geikielite and for isostructural ilmenite (FeTiO 3 [9] ). The published data for geikielite show significant differences but our data show rather larger differences for some parameters (e.g., Mg-O, Ti-O, and Mg-Ti distances) compared to the literature values. Thus the octahedral volume for MgO 6 in our sample is larger and the TiO 6 volume smaller than published values. In addition, the bond angle variance for TiO 6 is larger than that for MgO 6 which is opposite to the relationship found by other authors for MgTiO 3 and for geikielite structures in general [21] [22] [23] . Note that the bond angle variance for TiO 6 in geikielite is significantly larger than that in rutile which is presumably related to the larger number of shared edges in the former (three shared edges plus one shared face) compared to the latter (two shared edges).
Structural Changes with Increasing Temperature
Cell parameters and atomic coordinates as a function of temperature for rutile and geikielite are given in Table 3 . The O x coordinate for rutile shows a small increase with increasing temperature although Meagher and Lager [13] did not detect any change. In contrast, none of the atomic coordinates for geikielite are precise enough to show any clear dependence on temperature so we cannot comment on any change in the 'puckering' of the layers in the xy plane discussed by Wechsler and Prewitt [9] for ilmenite as a function of temperature and pressure, and by Liferovich and Mitchell [21] [22] [23] for a series of geikielite analogues containing various M 2+ cations at room temperature and pressure.
Variation of unit cell parameters with temperature for rutile are displayed in Fig. (2) and those for geikielite in Fig.  (3) ; all parameters show linear trends within error. The unit cell linear thermal expansion coefficients are summarised in Table 4 where our data for rutile can be seen to show excellent agreement with published values (also see Fig. 2 ). 
The temperature dependence of bond lengths, bond angles, octahedral volumes and distortion parameters for rutile are given in Table 5 . Table 4 also shows thermal expansion coefficients for Ti-O 1a and Ti-O 1b bonds in our rutile compared with published values. Although the published values show considerable differences between different studies, our data show much greater differences characterised by a smaller expansion coefficient for Ti-O 1a and a larger one for Ti-O 1b ; this is well shown in Fig. (4) where our data are compared with those of Sugiyama and Takéuchi [15] . The variations of the different O-O bond distances with increasing temperature (Fig. 5) , compared with those from [15] , show overlapping trends for O 1a -O 1a (unshared) and O 1a -O 1b defining small expansions. However, note that our value for O 1a -O 1a (shared) is slightly smaller than the published values and our data might even show a very small contraction (Fig.  5) . This real decrease parallels the 'relative' shortening of O 1a -O 1a (shared) reported by Sugyama and Takéuchi [15] . Note that this contraction is matched by a trend of decreasing O 1a -Ti-O 1a angles (shared) with increasing temperature ( Table 5 ) and could reflect an increased repulsion between adjacent Ti atoms as thermal motion increases with increasing temperature [15] . As expected, the octahedral volume, quadratic elongation and bond angle variance of the Ti-O 6 polyhedron for rutile all show clear thermal increases despite the relatively large experimental errors ( Table 5) .
Although the absolute values for our structural data for both rutile and geikielite are likely to be less reliable than the published data for single-phase samples we believe that the trends with temperature will provide useful information, in particular for geikielite, where our work is the first to address the high temperature crystallographic properties of this mineral. [15] . Note that the O 1a -O 1a is the shared edge between octahedra oriented along the c axis.
The temperature dependence of bond distances, angles and octahedral distortion parameters for geikielite are given in Table 6 . At low temperature the Mg-O1 (shared face) bond length is larger than Mg-O4 (unshared face) but the former stays fairly constant while Mg-O4 shows a small increase, so that by ~900 o C they are not significantly different (Fig. 6) . In contrast, the TiO 6 octahedron is more elongate with the Ti-O1 (shared face) being only slightly smaller than the Mg-O1 bond length and the Ti-O7 (unshared face) bond length being much smaller (Fig. 6) . Both the Ti-O bond lengths show small expansions with temperature with the shorter Ti-O bond showing the larger expansion. This is the opposite relationship to that deduced for the TiO 6 polyhedron in geikielite by Okada et al. [5] and our data are in line with the shorter Si-O and Ge-O bonds in ilmenite-type MgSiO 3 and MgGeO 3 [5] showing larger thermal expansions than the longer Si-O and Ge-O bonds. For the MgO 6 octahedron, O4-O6 (unshared face) shows a small increase, O1-O2 (shared Fig. (6) . Variation of M-O distances with temperature for geikielite (error bars are ±1 ). Note that Mg-O1 and Ti-O1 are distances to the shared face between TiO 6 and MgO 6 octahedra. 
Temperature o C M-O bondlengths
Mg-O1
Mg-O4 Ti-O1 Ti-O7 face with TiO 6 ) a poorly defined small decrease, and O1-O6 (unshared edge) and O1-O4 (shared edge with MgO 6 ) exhibit no significant change (Fig. 7) . For the TiO 6 octahedron, O3-O9 (shared edge with TiO 6 ), O3-O8 (unshared edge) and O8-O9 (unshared face) show small increases and O3-O1 (shared face with MgO 6 ) a decrease with increasing temperature (Fig. 7, Table 6 ). It seems that the O-O edges of the unshared faces for both MgO 6 and TiO 6 octahedra are less constrained and are therefore able to expand slightly with increasing temperature. In contrast, the O-O shared edges show no significant change and the O-O edges of the shared faces appear to contract. Thus, more-complex inter-octahedral linkages within the polyhedral network appear to lead to restricted and variable thermal expansion effects for the geikielite structure. While the distortion parameters (both QE and BAV) are similar for MgO 6 and TiO 6 at low temperatures, at higher temperatures the distortion of TiO 6 increases while that for MgO 6 shows no significant change ( Table 6) .
Although the Mg-Mg and Ti-Ti distances are subject to considerable errors some interesting relationships can be identified ( Table 6 ). The Mg-Mg and Ti-Ti distances across Fig. (7) . Variation of O-O distances with temperature for geikielite (error bars are ±1 ). Note that O1-O2 distances are for the shared face between TiO 6 and MgO 6 octahedra. Fig. 9) . Note, however, that the Mg-Ti distances across the shared face are too scattered to identify any trend with temperature (Fig. 8) . The thermal trends reported for geikielite can be compared with those reported for ilmenite [9] and show some significant differences. The best defined discrepancy is that the thermal expansion coefficient ( ) for geikielite along a is smaller than that along c whereas for ilmenite a > c . This seems mainly related to the differences between Mg-Mg and Fe-Fe distances in geikielite and ilmenite respectively; the Mg-Mg distance across the empty octahedron shows a substantial expansion along c with increasing temperature in geikielite, while the equivalent Fe-Fe distance in ilmenite is reported to contract [9] . While other differences occur within the linked octahedral layers in the xy plane, these appear to be essentially second-order effects which lead to differences in the distortion parameters of the MgO 6 and TiO 6 polyhedra in geikielite compared to those of FeO 6 and TiO 6 in ilmenite.
CONCLUSIONS
(i) MgTiO 3 belongs to the space group R-3 at all temperatures which requires Mg and Ti atoms to be fully ordered confirming the earlier high-temperature Raman spectroscopy study [4] .
(ii) At all temperatures the volume of the MgO octahedron in MgTiO 3 is about 20% larger than that of TiO 2 .
(iii) In MgTiO 3 the Ti-O1 (shared face) bond length is much larger than the Ti-O7 (unshared face) bond length and both show small expansions with increasing temperature with the shorter bond showing the larger expansion. This is opposite to the deductions for the Ti-O octahedron in MgTiO 3 based on Raman data [5] and our data are in line with the relative expansions of Mg-O and Si-O or Ge-O in analogue phases [5] .
(iv) For both octahedral species in MgTiO 3 O-O edges adjacent to octahedral vacancies ('unshared edges') expand with increasing temperature while other O-O edges show either smaller increases, no change, or even small decreases. It appears that the more complicated interoctahedral linkages lead to more restricted thermal expansion effects.
(v) In TiO 2 the length of the O 1a -O 1a bond shared between adjacent TiO 2 octahedra linked along the c axis decreases with increasing temperature and the equivalent (shared) O 1a -Ti-O 1a angle also decreases. Such changes could be due to increased repulsion between adjacent Ti atoms along c as thermal motion increases [15] . Such a Fig. (9) . Variation of Mg-Mg and Ti-Ti distances with temperature for geikielite along the c axis (error bars are ±1 ) across the vacant octahedra. relationship is also matched by the thermal expansion along c being larger than that perpendicular to c.
(vi) The TiO 2 octahedron in rutile is significantly less distorted than that in geikielite (bond angle variance in rutile is ~50% of that in geikielite) which can be related to the larger number of shared edges in geikielite (three shared edges and one shared face) compared to rutile (two shared edges).
